Objectives: To ascertain whether the antimicrobial susceptibility of Neisseria gonorrhoeae isolates with differing susceptibilities to penicillin is associated with genogroups (GGs) and combined mutation patterns in PBP2 (penA), the multiple transfer resistance repressor (MtrR; mtrR) and porin B (PorB; porB).
Introduction
Gonorrhoea, the second most common sexually transmitted bacterial infection worldwide, with an estimated 78 million cases annually, is caused by the pathogen Neisseria gonorrhoeae. 1 The use of non-invasive nucleic acid amplification tests (NAATs) has resulted in greater rates of detection of infections caused by N. gonorrhoeae compared with rates determined by cultures. 2 However, the shift from the use of cultures to NAATs for the diagnosis of gonorrhoea has decreased the availability of N. gonorrhoeae cultures for antimicrobial susceptibility testing. NAATs are used primarily in resource-rich regions, whereas the syndromic treatment of gonococcal infections, with no laboratorybased testing, is often used to manage gonococcal infections in resource-limited areas. The use of both of these strategies to manage gonococcal infections may contribute to global underestimations of the extent of antimicrobial resistance (AMR) in N. gonorrhoeae. Over time, N. gonorrhoeae has developed resistance to all classes of antibiotics and gonococcal treatment failure to currently recommended dual therapy, comprising ceftriaxone and azithromycin, has been reported. 3, 4 Penicillin was removed from treatment guidelines for N. gonorrhoeae in the late 1980s owing to the widespread distribution of penicillin-resistant strains. 3 In addition to plasmid-mediated b-lactamase production, mutations in PBP2 are a major contributor to the emergence of gonococcal chromosomally mediated resistance to b-lactam antibiotics. [5] [6] [7] Resistance to b-lactam antibiotics can also be caused by mutations in the multiple transfer resistance repressor (MtrR) and its promoter and the outer membrane porin (PorB). 6, 7 These loci act additively to provide incremental, increasing resistance to penicillin and third-generation cephalosporins. 6, 7 We reported previously on the high prevalence of N. gonorrhoeae isolates from Saskatchewan, Canada, with high susceptibilities to antibiotics no longer recommended for gonorrhoea treatment, such as penicillin and ciprofloxacin. 8 In this study, we evaluated the molecular epidemiology of this population of isolates by determining mutation patterns in PBP2, MtrR and its promoter and PorB. Gonococcal STs were ascertained by N. gonorrhoeae multi-antigen sequence typing (NG-MAST) and were grouped into different genogroups (GGs) on the basis of similarity between alleles (porB or tbpB) of STs. 9, 10 We observed significant associations of N. gonorrhoeae with differing penicillin susceptibilities and specific GGs and combined PBP2/MtrR/PorB mutation patterns. Such associations might be used to predict antimicrobial susceptibility in cases in which susceptibility cannot be determined because culture is impossible but DNA from clinical specimens is available.
Materials and methods
N. gonorrhoeae isolates and antimicrobial susceptibility testing N. gonorrhoeae [n " 146; 40% of isolates tested from 2003 (n " 24/60), 63% of isolates tested from 2004 (n " 37/59), 56% of isolates tested from 2005 (n " 29/52), 33% of isolates tested from 2006 (n " 18/55), 42% of isolates tested from 2007 (n " 22/53) and 39% of isolates tested from 2008 (n " 16/41)] were isolated and identified at the Roy Romanow Provincial Laboratory (formerly the Saskatchewan Disease Control Laboratory) as described previously. 11 Isolates were stored at #80 C, as described previously, 11 and were recovered by growth on Difco TM GC agar medium base (GCMB; BD Biosciences, ON, Canada), supplemented with 1% modified Kellogg's supplement (GCMBK). MICs of penicillin (Sigma-Aldrich, Oakville, ON, Canada) were determined by the agar dilution method.
12 b-Lactamase was detected using nitrocefin (Calbiochem, EMD Chemicals Inc., Darmstadt, Germany). Gonococcal reference strains WHO B, C, F and K and ATCC 49226 were used for antimicrobial susceptibility testing. 13, 14 The isolates included 15 penicillin-resistant (MIC 2-32 mg/L) isolates, of which 2 were penicillinase-producing N. gonorrhoeae (PPNG) 
DNA isolation and gene amplification of resistance determinants
DNA isolation from N. gonorrhoeae cultures, grown overnight on GCMBK, was performed as described previously. 15 Primers (Invitrogen, Burlington, ON, Canada) used to amplify and sequence penA, mtrR (and its promoter) and porB and PCR amplifications are described in Table S1 (available as Supplementary data at JAC Online).
15 N. gonorrhoeae reference strains WHO K, L, M and N were used as positive controls for amplification of resistance determinants.
14 Amplicons were purified using a PCR purification kit (QIAGEN, Mississauga, ON, Canada) and were sequenced on both strands using an Applied Biosystems 3730xl DNA Analyzer instrument (Plant Biotechnology Institute, National Research Council of Canada, Saskatoon, SK, Canada). DNA sequences were verified and edited using ClustalW and Jalview Alignment Editor (http://www.ebi.ac.uk/clustalw) and reference sequences penA (GenBank number M32091), mtrR (GenBank number Z25796) and porB (GenBank number M21289). Amino acid sequences were deduced (http://ca.expasy.org/tools/dna.html) and verified by alignment (http://bioinfo.genotoul.fr/multalin/multalin.html) with N. gonorrhoeae reference sequences. Mutation patterns specific for PBP2, PorB and MtrR were classified as described previously. [16] [17] [18] [19] NG-MAST and GG determination NG-MAST was performed as described previously. 9 porB and tbpB DNA sequences were submitted to the NG-MAST database (http://www.ngmast.net) for ST designation. 9 NG-MAST STs were grouped as one GG if one identical allele (porB or tbpB) was shared and showed 99% similarity in the other allele (5 bp difference for porB and 4 bp for tbpB). 10 NG-MAST GGs were named after the predominant ST in each group.
Statistical analysis
Fisher's exact test was used to determine the association of antimicrobial susceptibilities with GGs and PBP2/MtrR/PorB mutation patterns. Significance was a P value ,0.05.
Results
Nine mutation patterns were observed in the transpeptidase domains (amino acids 340 to 575) of PBP2 of the 146 N. gonorrhoeae isolates tested (Table S2) . Twelve mutation patterns each were observed in MtrR (and its promoter) and in PorB of these isolates (Table S2 ). In total, 50 PBP2/MtrR/PorB mutation patterns were noted (data not shown).
The 146 gonococcal isolates tested were differentiated into 51 STs by NG-MAST. Six STs (86/146; 59%) comprised 5 isolates, i.e. ST25 (n " 36), ST3654 (n " 17), ST3655 (n " 12), ST921 (n " 9), ST508 (n " 6) and ST3656 (n " 6). Ten STs comprised 2-4 isolates and 35 STs had 1 isolate each (data not shown). One hundred and seven (73.3%) isolates were classified into 7 GGs, i.e. GG25 (n " 39), GG3654 (n " 18), GG3655 (n " 18), GG921 (n " 16), GG3656 (n " 6), GG3657 (n " 5) and GG1109 (n " 5) (Table S3) . Six GGs included 2-3 isolates and comprised a total of 14 isolates, whereas 25 isolates appeared as single STs and could not be grouped under any GG.
N. gonorrhoeae isolates with penicillin MICs of 0.03-0.06 mg/L were significantly associated with GG25 and PBP2/MtrR/PorB mutation pattern I/WT/WT (Table 1) . Other penicillin-susceptible isolates were GG25 but carried slightly different PBP2/MtrR/PorB mutation patterns, which were not significantly associated with MIC. Of isolates with an MIC of 1.0 mg/L, which are classified as having intermediate levels of susceptibility to penicillin, 52.2% (35/67) were significantly associated with three GGs (5 isolates): GG921 (15/67, P , 0.0001), GG3655 (15/67, P " 0.0008) and GG1109 (5/67, P " 0.019). Further, GG3655 was significantly associated with PBP2/MtrR/PorB mutation pattern XXII/A-;G45D/ G120K;A121N (P " 0.04), GG921 was significantly associated with mutation pattern IX/G45D/G120D;A121N (P " 0.006) and GG1109 was significantly associated with mutation pattern IX/G45D/WT (P " 0.005). Penicillin-resistant isolates (MIC 2.0-4.0 mg/L), were significantly associated with GG3654 and mutation patterns IX/ G45D/G120K;A121D (P , 0.0007), IX/G45D/G120D;A121D (P , 0.024) and IX/G45D/G120K;A121D (P " 0.02).The two PPNG isolates were ST436, mutation pattern XII/A39T/G120K;A121G and ST80, mutation pattern II/A-;H105Y/A121S;N122K.
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Discussion
In this study, penicillin-susceptible and -resistant N. gonorrhoeae isolates were significantly associated with GG25 and GG3654, respectively. This reflects the clonal character of penicillin resistance in Saskatchewan as shown previously by MLST. 20 Furthermore, we determined that there was a significant association of PBP2/MtrR/ PorB mutation pattern I/WT/WT with GG25 and that this pattern is highly characteristic of susceptibility to penicillin (MIC 0.03-0.06 mg/L). It has been shown that a single mutation in PBP2 (i.e. 345a, which denotes PBP2 pattern I) can increase penicillin MICs from 0.02 to 0.125 mg/L. 6 Nevertheless, isolates with this pattern are usually classified as being susceptible to penicillin. PBP2 pattern IX has been reported to be present in gonococcal isolates with penicillin MICs of 0.25-2.0 mg/L. 16 Isolates with penicillin MICs of 1 mg/L (45.9%, 67/146) clustered under GGs 921, 3655 and 1109 and were significantly associated with mutation patterns IX/G45D/ G120D;A121N, XXII/A-;G45D/G120K;A121N and IX/G45D/WT. This finding agrees with an earlier study, which demonstrated that, along with PBP2 and MtrR mutations, substitutions with uncharged amino acids such as Asn (N), at either position G120 or A121 in PorB, result in partial resistance to penicillin. 18 Isolates with chromosomal resistance to penicillin (MIC 2-4 mg/L) with GG3654 were significantly associated with PBP2/MtrR/PorB mutation patterns IX/G45D/G120KorD;A121D. This finding supports an earlier study, which showed that concurrent mutations in PBP2, MtrR and PorB are required to achieve penicillin resistance in N. gonorrhoeae.
6 PorB substitutions at positions G120 and A121, with (14) 25 ( PBP2 mutation patterns were numbered as described previously 6, 7 (see Table S2 ). c WT (see Table S2 ). d Two to four isolates in a GG with similar PBP2/MtrR/PorB patterns: MIC 0.016 mg/L-GG25 and I/WT/WT (n " 2); MIC 0.25 mg/L-GG25 and I/WT/WT (n " 4), GG3656 and XXII/A-;G45D/G120D;A121N (n " 2); MIC 1.0 mg/L-GG25 and I/WT/WT (n " 2), GG3672 and II/A40D;D79N;T86A;H105Y/G120D (n " 2), GG5 and IX/A-;H105Y/G120D;A121N (n " 2), GG64 and II/G45D/A121S;N122K (2), GG3116 and V/A-;H105Y/A121S;N122K (n " 2); MIC 4.0 mg/L -GG3654 (P " 0.04) and IX/G45D/G120K;A121D (n " 2, P " 0.02). 
18
NG-MAST GGs have been associated with N. gonorrhoeae susceptibility phenotypes to individual antibiotics, but have not been associated with mutation patterns for the key genes conferring AMR. [21] [22] [23] [24] For example, azithromycin resistance in N. gonorrhoeae isolates from Amsterdam was associated with C2611T mutations in 23S rRNA and NG-MAST GGs 2992, 5108 and 359. 25 We have previously shown the association of GG3655 and GG921 with chromosomally mediated tetracycline resistance and of GG3654 with chromosomally mediated penicillin and tetracycline resistance. 21 The major limitation of this study is that the typing schemes used were based on hypervariable genes with a high frequency of mutations. These antigen-encoding genes are under positive selection pressure and change rapidly over the short term. 26 Therefore, associations of GGs with antibiotic susceptibility/mutation patterns will not be stable and can disappear over time. However, genotyping methods based on conserved and evolutionarily neutral genes, such as MLST that uses housekeeping genes, will produce more stable antimicrobial susceptibility associations with GGs and PBP2/ MtrR/PorB patterns for a longer period of time. 20, 26 The associations between GGs and combined mutation patterns can be useful in detecting gonococcal AMR and in identifying potentially resistant gonococcal clones from different geographic areas. N. gonorrhoeae Sequence Typing for Antimicrobial Resistance (NG-STAR; https://ngstar.canada.ca/allele/form), a sequence-typing tool based on seven antimicrobial resistance determinants in N. gonorrhoeae, uses the same approach we have described in this study. 27 NG-STAR provides a comprehensive analysis for locating mutations in genes responsible for antibiotic resistance. To study the epidemiology of gonococcal AMR, this database could be expanded to provide information on N. gonorrhoeae strains from different parts of the world. Moreover, the use of WGS, rather than amplifying then sequencing a panel of individual genes, could be a more cost-effective strategy. A WGS approach can provide comprehensive information on all genes implicated in gonococcal AMR and extend the possibility of discovering novel mutations implicated in AMR. 28 Using penicillin resistance determinants in N. gonorrhoeae, we have shown that combinations of mutations present in different genes in isolates were associated with specific GGs and with specific antimicrobial susceptibilities.
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